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Abstract 22
We differentiated mouse bone marrow cells in the presence of recombinant 23 macrophage colony stimulating (rM-CSF) factor for 14 days during the flight of space 24
shuttle Space Transportation System (STS)-126. We tested the hypothesis that the 25 receptor expression for M-CSF, c-Fms was reduced. We used flow cytometry to assess 26 molecules on cells that were preserved during flight to define the differentiation state of 27 the developing bone marrow macrophages; including CD11b, CD31, CD44, Ly6C, 28
Ly6G, F4/80, Mac2, c-Fos as well as c-Fms. In addition, RNA was preserved during the 29 flight and was used to perform a gene microarray. We found that there were significant 30 differences in the number of macrophages that developed in space compared to 31 controls maintained on Earth. We found that there were significant changes in the 32 distribution of cells that expressed CD11b, CD31, F4/80, Mac2, Ly6C and c-Fos. 33
However, there were no changes in c-Fms expression and no consistent pattern of 34 advanced or retarded differentiation during space flight. We also found a pattern of 35 transcript levels that would be consistent with a relatively normal differentiation outcome 36 but increased proliferation by the bone marrow macrophages that were assayed after 37 14 days of space flight. There also was a surprising pattern of space flight influence on 38 genes of the coagulation pathway. These data confirm that a space flight can have an 39 impact on the in vitro development of macrophages from mouse bone marrow cells. 40 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  611  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 Sonnenfeld, Mandel, 1992). Therefore, there are important health issues that might 65 arise from space flight impacts on hematopoiesis. 66
Space flight affects cells by inducing broad physiological changes and/or it can 67 have direct gravitational impacts on the cells themselves (Todd, 1989) . We previously 68 addressed the direct impact of space flight on macrophage differentiation at the cellular 69 level on three different space shuttle flights (Space Transportation System (STS)-57, 60 70 and 62). There was increased mouse bone marrow macrophage proliferation and 71 inhibited differentiation based on changes in expression of MHCII and Mac2 surface 72 molecules (Armstrong et al. , 1995b) . Because these studies were done at less than 73 optimal physiological temperatures (22.5° C to 27.0° C), there were some questions 74 about the impact of these conditions on the outcome. 75
During the flight of the space shuttle Endeavour, STS-126, we had an opportunity 76 to re-examine macrophage growth and differentiation from stem cells at optimal 77 physiological temperatures (37° C). This experiment allowed us to assess bone marrow 78 differentiation in vitro in the absence of the complex in vivo environment. In particular, 79
we tested the hypothesis that changes in the receptor for macrophage colony 80 stimulating factor (M-CSF) may have been responsible for the effects of space flight on 81 bone marrow macrophage differentiation. We also had an opportunity to assess global 82 changes in transcript levels to provide insights about biochemical processes that may 83 have been perturbed during the differentiation process .  84   85   86 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 The bone marrow cells were loaded into the primary chamber of 48 FPAs (1 x 126 10 7 cells per 3 ml DMEM 2 supplemented with rmM-CSF). A second chamber was 127 formed by sliding a sterile, siliconized septum parallel to the first septum. Excess air 128 was evacuated through a 26GA needle. DMEM 2 supplemented rmM-CSF was loaded 129 into the second chamber of all 48 FPAs. A third chamber was formed by adding an 130 additional septum similarly to the second. Thirty-two FPAs were loaded with 8% 131 formalin. Eight FPAs were loaded with 6.0 M guanidinium isothiocyanate (GITC) 132 (Woods and Chapes, 1994 ) and 8 FPAs were loaded with DMEM 2 plus rmM- CSF1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 7 (returned as viable cultures). The third chambers were sealed with septa as described 134 above. The FPAs were transported (day -2 of spaceflight, Figure 1A and the cells in medium were collected from 8 FPAs and viable cells (trypan blue 151 exclusion) were counted on a hemacytometer. Cell-free media were collected from 152 these FPA and were frozen and sent to KSU. Glucose content was measured in each 153 sample using a digital glucometer (Home Diagnostics, Inc., Ft. Lauderdale, FL). FPAs 154 prepared to fix cells in formalin or GITC were transported to KSU at 4° C and were1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   8   processed 19 days after the cells were place at 37° C to begin differentiation. Total cell  156 counts were done on formalin-fixed cells, 157
Flow cytometry 158
At KSU, bone marrow cells fixed in formalin were washed in Hank's Buffered Salt 159 Solution (HBSS) and counted and cell concentrations were adjusted to 1 x 10 7 cells per 160 ml. Phenotypic analysis of bone marrow-derived cells was performed by fluorescence-161 activated cell sorting as has been described previously by our group (Ortega, Pecaut, The data sets that were uploaded into Ingenuity pathway analysis (IPA) 9.0 222 software were: 1,678 significant genes with corrected p values < 0.05 and fold changes 223 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 cell growth and proliferation. All input data sets consisted of three data columns, 225 "Affymetrix Mouse Genome 430 2.0 Array probe ID, p-value, and Fold Change". While 226 running a "Core Analysis" to the dataset, the "Filters and General Settings" were set up 227 for the analysis. "Direct" and "Indirect Relationships" were included as interactions and 228 "endogenous chemicals (metabolites)" in the network analysis, all the data sources 229
were selected, and "Mouse" as the species. The IPA result panel included: "Summary, 230
Networks, Functions, Canonical Pathways, Lists, My Pathways, Molecules, Network 231
Explorer, and Overlapping Networks". We focused on "Networks, Functions, and 232
Canonical Pathways". 233
Microarray data and the sample-quality data are publicly accessible by creating 234 an account and logging into www.bioinformatics.kumc.edu/mdms/login.php. Thereafter 235 the "Share Data with Users/Groups" link may be used, followed by "Browse through the 236 shares". The raw data and analyzed data sets may be accessed using the "Bone 237 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12
In previous work, we found that macrophage growth was enhanced by space 248 flight. However, the flight conditions necessitated that the cells differentiated at less 249 than optimal physiological temperatures (Armstrong, Gerren, 1995b). To determine if 250 temperature would impact macrophage growth or differentiation during the STS-126 251 space flight, we determined cell proliferation in two ways. Viable cell numbers were 252 determined at day 17 in the FPA set that was kept in medium throughout the entire 253 mission and total cell numbers were counted in FPAs that were fixed in formalin at day 254 -6 ng/cell. Therefore, the fixed-cell estimates appear to be accurate and there 265 appears to be more cell proliferation of the differentiated macrophages in space than on 266 the ground. Flight cell numbers increased an average of 5.7 fold and ground cell 267 numbers increased an average of 3.9 fold from day 14 to day 17. We also measured 268 glucose utilization by the cells in the unfixed FPA's. We found significantly less (p<0.05, 269 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 ground (159±3 mg/dl). These data suggest that the cells required less energy to 271 proliferate more in space. 272
t-test) glucose usage by flight cells (121±4 mg/dl) compared to cells grown on the

273
Assessment of macrophage phenotype after space flight 274
We found that there was a decrease in MHCII and Mac2 cell surface molecule 275 expression on bone marrow cells differentiated into macrophages during space flight 276 (Armstrong, Gerren, 1995b). In those studies, cells were differentiated at temperatures 277 ranging from 22.5° C-27.0° C. We wanted to confirm that the space-flight differences 278
were not due to the culture temperatures and we wanted to obtain a more 279 comprehensive phenotypic analysis of the bone marrow-derived, M-CSF-dependent 280 macrophages that emerged. We examined the phenotype of the cells using flow 281 cytometry. We assigned 4 subpopulations of cells based on size (forward scatter, FSC-282 H) and granularity (side scatter, SSC-H) ( Figure 3A Table 1) . 287
Space flight did not affect these distributions (Table 1) . 288
When we compared the distribution of cells in R1-R4 between space flight 289 samples and ground controls we had significant differences in the expression in Ly6C, 290
CD11b, CD31, F4/80, Mac2 and c-Fos (p<0.05, Х 2 ; Table 1 ). There was an overall 291 decrease in Ly6C, CD11b, and c-Fos expression on cells differentiated in flight 292 compared to those differentiated on the ground while there was an overall increase in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 CD31, F4/80 and Mac2 in flight cells compared to those differentiated on the ground 294 (Table 1) . 295 We anticipated that the developing cells would have a macrophage phenotype 296 after 15 days because the bone marrow cells were differentiated in the presence of 297 rmM-CSF (Metcalf, 1989) . Therefore, we examined the cells for the concurrent 298 expression of c-Fms and c-Fos with Mac2 and CD44, Ly6C and Ly6G (Gr-1) with F4/80 299 to help establish specific macrophage differentiation stages ( 
Microarray analysis 308
To address possible mechanisms of how spaceflight affects macrophage 309 proliferation and differentiation, we compared the transcriptional profile of bone marrow 310 cells differentiated during space flight compared to cells differentiated on Earth. After 311 14 days of differentiation during space flight, the macrophages were preserved in GITC 312
and RNA was hybridized to the Affymetrix Mouse Genome 430 2.0 array as described 313 in the Materials and Methods. We found that 607 genes had gene transcript levels >1.5 314 fold higher for flight samples than ground controls. In contrast, we found that 1071 315 genes had gene transcript levels >1.5 fold lower than ground controls (p<0.05). The1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 genes were sorted into biological function categories using IPA software (Table 3) . 317
These included genes involved in Carbohydrate metabolism, Cellular development, 318
Hematopoiesis, Cellullar growth and proliferation, Lipid metabolism and many other 319 functions (Table 3) . 320
Since the cells were stimulated with rmM-CSF, we were particularly interested in 321 transcriptional regulation of genes that are involved in cell division and development 322 (Assigned to the Cell Death, Hematopoiesis, Cellular Development, Cellular Growth and 323
Proliferation categories in Table 3 ). Using IPA software (www.ingenuity.com), we found 324 607 unique genes that had significantly higher transcript levels and 1071 unique genes 325 that had significantly lower transcript levels during space flight compared to ground 326 controls within the Cell Death, Cellular Growth and Proliferation, Cellular Development 327 and Hematopoiesis subsets (Table 3) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 Bdkrb2, bradykinin receptor B2) transporters (Slc7a5, soute carrier family 7; Hba-a1, 340 hemoglobin, alpha 1, Lrp2, low density lipoprotein receptor-related protein 2). 341
Molecules assigned to "other" molecule function were further classified according to 342 MGI GO assignments (Supplement 1). 343
Analysis of the effect of space flight on the M-CSF signaling pathway revealed 344 (Table 4) . However, there were only significant differences (p<0.05) in transcripts 349
fold change for the genes Csf1r, E2f4, Rbl1, Egr1, Hoxb4, Gata2, Myc and Runx1. 350
We also classified the gene microarray data into global canonical pathways and 351 we selected pathways which were associated with genes whose transcription was 352 significantly affected by the space flight. Canonical pathways were ranked based on the 353 -log(p value) scores (p<0.05). We found that the coagulation system (Table 5) , Fc-354 gamma receptor-mediated phagocytosis in macrophages and monocytes, endoplasmic 355 reticulum stress, and growth hormone signaling were pathways containing genes which 356 had transcript levels that were significantly lower in flight samples compared to ground 357 controls (1.5 fold change, p<0.05; Supplement 2). The coagulation system had the 358 highest -log(p value) score of any canonical pathway in this analysis. There were 6 359 genes which had significantly lower transcript levels in spaceflight samples compared to 360 ground controls (p<0.05; Table 5 ). In addition, 8 genes showed a trend where transcript 361 levels were lower than ground controls even though they were not statistically different. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   17 The insulin receptor signaling pathway also had a high -log(p value) score amongst 363 canonical signaling pathways identified by the IPA analysis. Six genes had significantly 364 lower transcript levels in comparison to ground controls (p<0.05; Table 6 ). When we 365 examined other signaling pathways that are relevant to macrophage function (Oda et However, not all cell types respond in this same manner during space flight. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19 during macrophage differentiation (Stone et al. , 1990 ) and c-Fms plasma membrane 409 levels are generally stable and dependent on the concentration of M-CSF present 410 (Rettenmier et al. , 1987) . Therefore, the macrophages in our space culture FPAs may 411 have had more c-Fms molecules present because there was less rmM-CSF remaining 412 in those FPAs. Unfortunately, we did not assay for M-CSF in the cultures from this 413 experiment. We found very low levels of all the cytokines we did perform assays for 414 (GM-CSF, IL-1, TNF, IL-6, data not shown). By 15 days of culture, the supernatants 415 were generally devoid of labile cytokines. We also did not have enough RNA left over 416 after the gene array to validate the Csfr transcript concentrations. We note, however, 417 that Runx1 transcript levels were also significantly lower in the space-flown cells. There 418 is a strong correlation in expression between Csfr and Runx1, (Himes et al. , 2005) 419 which helps to increase our confidence in these data. Nevertheless, additional work will 420 be needed to resolve this issue. 421
The increased number Mac2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 There were significant changes in transcript levels of 1678 genes in 450 macrophages that develop in space compared to those that develop on Earth. These 451 data suggest that space flight has an effect on M-CSF-stimulated macrophages in vitro. 452
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